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ABSTRACT

This report describes a formal method to quantify structural damage tolerance and reliability in
the presence of a multitude of uncertainties in turbine engine components. The method is based

at the material behavior level where primitive variables with their respective scatter ranges are
used to describe behavior. Computational simulation is then used to propagate the uncertainties

to the structural scale where damage tolerance and reliability are usually specified. Several
sample cases are described to illustrate the effectiveness, versatility, and maturity of the method.

Typical results from this method demonstrate that it is mature and that it can be used to
probabilistically evaluate turbine engine structural components. It may be inferred from the

results that the method is suitable for probabilistically predicting the remaining life in aging or

deteriorating structures, for making strategic projections and plans, and for achieving better,
cheaper, faster products that give competitive advantages in world markets.

INTRODUCTION

Achieving and retaining competitive advantages in world markets necessarily leads to proactive

drives for getting better, cheaper, faster products to market, a phenomenon that becomes even
more important in the high-tech sector including aerospace vehicles. The awareness for natural

resource conservation also leads to the cost-effective useful life extension of existing products.

These activities require that we effectively use available resources and that we formulate
methods to quantify the current strength of a specific structure or component and reliably

evaluate its remaining strength and/or life. A multitude of uncertainties must be dealt with to
meet these requirements: new, unproven methods for design and manufacturing; a lack of
sufficient data on new candidate materials; unknown assumptions and conditions related to the

initial design; records of environmental exposure; and material degradation from various factors.

With respect to the aforementioned uncertainties, probabilistic methods offer formal approaches
to quantify those uncertainties and to evaluate their effects on material behavior, on service, and

on attendant reliabilities and risks. The objective of this report is to describe one probabilistic
method used to evaluate the effects of uncertainties on structural damage tolerance and reliability
from material behavior to service life and to retirement for cause. The probabilistic method is

based on formulations that describe the physics in terms of primitive variables and respective
scatter ranges at the lowest engineering manageable scale and at all subsequent scales up to the

highest where reliability is evaluated. The method relies on computational simulation to
propagate uncertainties from the elementary scale and alI intermediate scales where the

probabilistic evaluation and reliability of specific responses are needed. The method has evolved
over the past 15 years and has matured sufficiently to evaluate structural damage tolerance and

reliability under various scenarios [Refs. 1 to 3]. It has several unique features, two of which are

the most useful for presenting results: (1) quantifiable reliability in terms of cumulative

Tt'iis is a preprint or reprint of a paper intended for presentation at
conference. Because changes may be made before formal
publication, this is made available with the understanding that it wil
not be cited or reproduced without the permission of the author.



distribution functions and (2) sensitivity factors of the primitive variables that affect that

reliability.

This report begins with an introduction of the fundamental concept and computational simulation
methods and gives a simple example. Next is a brief description of the method and its attendant

computer codes. Several sample cases are then discussed to (1) illustrate its versatility, (2)

present the large amounts of information generated, (3) show the relevance of the information,
and (4) make recommendations concerning design, material development quality, certification,

in-service health monitoring, retirement for cause, and recycling. The description is limited to

typical results obtained and their respective interpretations. References are cited for specific
details.

FUNDAMENTAL CONCEPTS

The following simple example describes some fundamental concepts of probabilistic structural

analysis and design: the probabilistic evaluation of the tip displacement of a cantilever beam
loaded at the free end as shown schematically in Figure 1(a). The equation (deterministic model)

for predicting the tip displacement is

4Pl 3

w - Ebt3 (1)

where w is the response variable, P is the load, I is the length, E is the material stiffness, b is the
width, and t is the thickness. This equation describes the physics of the response sought and

includes the fundamental parameters (primitive variables) that govern the tip displacement.

These primitive variables can also be grouped in three generic categories: load (P), geometry (I,
b, and t), material (E). If we make several cantilever specimens, there will probably be some
scatter of values for each of the primitive variables. Therefore, the task of probabilistic
simulation is to account for the effects of that scatter on the displacement of the beam.

The task is considerably simplified when we recognize that (1) the tip displacement equation is

the analog of the physical testing machine and (2) the scatter range in the primitive variables, P,
l, b, t, and E, can be assumed to be represented by simple, well-known statistical distributions

(Figure 1(b)), which will be helpful in simulating the effects of scatter on beam displacement.
The following procedure is used to evaluate the effects of the uncertainties of the primitive

variables on the tip displacement:

, Decide the range of the scatter in each primitive variable. This range in practical cases is

established from experience but for this example, assume that scatter is about _+5 percent
from the assumed mean value. The scatter for the modulus is between 24 and 28 mpsi; for the

length, between 19 and 21 in.; for the width, between 0.95 and 1.05 in.; for the thickness,
1.20 and 1.30 in.; and for the load, between 80 and 120 lb. It is important to note that the

only test data available were the mean values for the primitive variables. The range of the
scatter was assumed for reasons that will become clear later. Note that the mean value for

each primitive variable with a truncated distribution generally is where the vertical line
(drawn from the peak of the respective distribution) intersects the horizontal line.

2. Randomly select for each primitive variable in the equation a value from within its respective

distribution. Having the simple statistical distributions allows nonbiased random selections to



bemade.Forexample,thevaluesselectedrandomlycanbe25.5mpsi for E; 20.8 in. for I;
0.99 in. for b; 1.27 in. for t; and 115 lb for P.

3. Substitute the randomly selected values in the equation to obtain 0.08 in. for the tip

displacement.

, Repeat step 3 for different sets of primitive variable values until sufficient data (as described

subsequently) have been accumulated to plot the probability distribution curve (Figure 1(c)).
For example, the mean value will be close to 0.065 in. There is about a 95-percent

probability from the cumulative probability curve (Fig. l(c)) that the tip displacement will be
less than 0.08 in., or 95 of 100 trial calculations in step 3.

The generation of the data as described in step 4 is called a direct Monte Carlo simulation and
generally requires a large number of simulations (tens of thousands). Methods and algorithms
have been developed to generate the two probability graphs for the displacement with relatively
few simulations, which for the first-order reliability method (FORM) is 217+1, where n is the

number of primitive variables with scatter ranges. One such method, the fast probability

integration (FPI), [Ref. 3], was used to generate the probability curve of figure l(c). The

application of FPI requires inputs of the mean value, scatter range, and the known or assumed

probability density function of the scatter for each participating primitive variable. It becomes
evident that the probabilistic simulation can be performed with known mean values, judiciously
assumed scatter ranges, and respective distributions for the primitive variables.

A byproduct of the FPI is the sensitivity factors (Figure l(d)). These factors probabilistically

quantify and order the sensitivity of the cumulative distribution function of the response variable

(displacement) to the uncertainty (scatter range) in the primitive variables (material, geometry,
loads). For this example, the load (primitive variable) has about the same effect on the tip
displacement (response variable) as the geometry parameters (primitive variables) at a low

probability (<1 in 1000) whereas the thickness (primitive variable) dominates at high

probabilities (>999 in 1000). Sensitivities are discussed in the following sections. For application
to structural components or systems, the foregoing method using FPI is generalized as follows:

, Develop or use a deterministic model for the entire component or system with its boundary,
load, and expected environmental conditions. Practical structural situations would dictate

that this be predominately a finite-element model.

2. Identify the primitive variables in the deterministic model. These will include material
properties, fabrication process variables (pressure, temperature, and other loading
conditions), structural parameters, loads (including environment), boundary conditions, and

so forth. For composite structures, use integrated composite mechanics to predict the
composite properties, beginning with micromechanics and accounting for both fabrication
and environmental effects.

3. Obtain or assume mean values, scatter range, and probabilistic distribution (density function

and standard deviations) for each primitive variable.

. Perturb each primitive variable on either side of its respective means by, a reasonably small
anaount (usually up to 10 percent) as a ratio of the respective standard deviation (up to 20

percent may be used, but with caution). Any amount greater than 20 percent may be more a



shift or evenmultimodalinsteadof reasonablescatter.Amountsgreaterthan20 percent
wouldindicatethattheinputdatamightrepresentmorethanonepopulation.

5. Conductdeterministicanalyseswith thevaluesselectedin step4.

6. Repeatsteps4 and5 severaltimes(2n+ 1for FORM)to generatesufficientinformationfor
FPIuse.

7_ Use FPI to generate the probability distribution functions for the desired responses,

displacement, stress, and frequency and for the respective sensitivities at select probability
levels. Recall that the number of perturbations usually needed with FPI is 2n+1, where n is

the number of primitive variables and 1 is using only their means in the same simulation run.

The above generalized method is practical through the use of computer codes to be described

subsequently, and it is applicable to almost all disciplines and structures described herein.

PROBABILISTIC SIMULATION OF COMPONENTS AND SYSTEM RELIABILITY

To evaluate turbine engine component and system durability and reliability, probabilistic
simulations must be performed for the loading conditions, the structural components, including

supports, and the material(s) behavior. Each of the simulations must be defined by inputs of its

respective deterministic model, primitive variables, and their attendant scatter range. The
probabilistic simulation proceeds to evaluate a specific response and its scatter. The evaluated

response is then compared with the corresponding resistance to assess the probability of failure,
which can be used later to evaluate component and system durability and reliability. Figure 2, a

conceptual schematic of the procedure, shows the three essential parts of component and system
reliability simulation; the structural response obtained; the resistance evaluated; the probable

damage (overlap of response scatter with resistance scatter); the information passed on for
reliability and risk assessments; and the institutions that participated to develop the requisite

formalism and then implemented it in an operational computational procedure [Ref. 1]. A block

diagram of the computer code logic is shown in Figure 3.

The schematics in Figures 2 and 3 summarize probabilistic structural performance assessment.
The concept is relatively straightforward and appears simple; however, implementation in a

workable computer code requires knowledge of advanced structural mechanics, efficient
probabilistic algorithms, material behavior, and proficient and subtle computer programming

techniques.

In Figure 3, note that uncertainties in the human factor and the computer code can also be

included; inputs for required performance, component and system longevity, and acceptable
reliability and risk must be provided; and the simulation provides information to probabilistically
select verification tests to assure component and system certification with an acceptable

reliability and an affordable risk. These will now be described.

Simple loading conditions can be input directly to the probabitistic structural analysis. Complex
loading conditions require system-specific computer codes. Those for the space shuttle main

engine are simulated by the composite load spectra computer code [Ref. 2]. Probabilistic
structural analysis is performed by a specialty computer code [Refs. 2

and 3].



PROBABILISTIC SIMULATION OF MATERIAL BEHAVIOR

Developedat the GlennResearchCenter,the probabilisticsimulationof materialbehavioris
relativelynewandasfar astheauthorknows,is theonlyoneof itskind.Sincethesubjectof this
reportisdurabilityandreliability,materials-basedlife predictionis animportantpart.Therefore,
theprobabilisticmaterialbehaviormodels(PMBM) usedin thesimulationwill bedescribedin
detail. The deterministicmodelevolvedduring researchon high-temperaturemetal matrix
composites(Ref. 4). Implementingthe deterministicmodel for probabilistic simulationswas
fundedfrom a researchgrantwith theobjectiveof formallydescribinguncertaintiesin material
behaviorfor spaceshuttlemainenginecomponents[Ref.5].

Conceptually,the modelis basedon theself-evidentaxiomthat eachmaterialcharacteristic
propertyobservedby conventionaltestingconstitutesamultidimensionalsurface.That surface is

described by a multidimensional vector for which each component represents one observed or
assumed effect (temperature, stress, time, etc.) on that material characteristic property. The

surface is represented by a respective multifactor model of product form. The product form is
assumed to conveniently represent mutual interactions among the various factors. Each factor

consists of four different variables or parameters: (1) a terminal or final value, (2) a reference
value, (3) a current value, and (4) an exponent. The exponent is selected to represent continuous
monatomic behavior so that the factor equals unity when the current value equals the reference

value and approaches either zero or infinity (depending on the specific behavior of the factors)

when the current value approaches the final value. A schematic for a unit cell of material is
shown in Figure 4 for composites and homogeneous materials. In equation form, the model is

represented as

_,T_-_ofl _-£ 1 SFNMF

× 1 C>I'NT 1- cyt "

SFNTF

where

P property
T temperature

S strength
R metallurgical reaction

N number of cycles
t time

o- stress

and the subscripts are o, reference; F, final; M, mechanical: and T, thermal. The over dot

signifies the rate.

(2)



To summarize, the multifactor interaction model provides the following:

• Gradual effects during most of the range, rapidly degrading near final stages

• Representation of the in situ behavior for fiber, matrix, interphase, and coating

• Introduction of primitive variables
• Consistent representation of all in situ constituent properties in terms of primitive variables
• Room-temperature values for reference properties

• Continuous interphase growth
• Simultaneous interaction of all primitive variables

• Adaptability to new materials
• Amenability to verification inclusive of all properties

• Adaptability to incremental computational simulation

Probabilistic results from the model [Ref. 5] are shown in Figure 5 where the cumulative

distribution function curves for lifetime strengths are given for three temperatures. The curves

shift to the left and their scatter range increases slightly with increasing temperature, as

physically would be expected. One can infer from these curves that the MFIM could be used in
conjunction with selective testing to substantially reduce the number of tests and the amount of

time required to characterize material behavior in complex environments. Note that the MFIM is
not restricted to the use just described but is generic in that each factor can be further
substructured to another set of factors which may influence a specific factor (i.e., alloying

elements, processing conditions, tolerance, assembly misfits, etc.). This generic use is discussed
in Reference 6, which describes its application to simulate the effects of the human factor in

structural analysis. Analogously, the MFIM can be used for evaluating aging effects on material
deterioration simply by including deterioration factors.

DEMONSTRATION CASES

Two-Stage Rotor

This case demonstrates one direct way to evaluate component and system reliability under

multiple failure modes. A schematic of the rotor with a summary of the results is shown in
Figure 6. The details of this case are described in Reference 7, but this report will discuss the
significance of the results and the respective sensitivity factors. Four failure modes were

evaluated as noted in Figure 6. The survival probability of the rotor for each failure mode and the
combination of failure modes are determined from a special plot of survival probability versus

remaining resistance. This plot graphically depicts the critical failure mode and the system
failure mode. As can be seen, the critical failure mode is fracture at the rim in 10 000 cycles,

which coincides with the system failure mode. Also seen is that when the burst failure mode has

100 percent survival probability, the system has only about 65 percent. Table I lists the
sensitivity factors that influence system failure. The left column gives the primitive variables
included in the evaluations, and the right column gives the magnitude of each factor's

contribution to the system probability of failure or reliability. These sensitivity magnitudes are
part of the probabilistic simulation from using FPI and are evaluated simultaneously with the

probability, as mentioned in the cantilever example in the section Fundamental Concepts. One
may observe from this table that the four most dominant factors (in order of magnitude) are rotor

speed, density, temperature, and crack growth constant C. The remaining factors make negligible
contributions. For example, critical parameters in damage tolerance evaluations (initial crack size

A 0 and constants C in the fracture mode, N i and Kt) are insignificant in the rotor reliability
assessment. The only critical material property is the rotor density. Therefore, recommendations



for rotormaterialsuppliersarethattheycontrolthescatterof therotor materialdensityandthe
thermalexpansioncoefficient.Also, rotor designersmustassurethat therotor doesnot over-
speed,that expectedtemperaturespikesbe accountedfor, and that unexpectedhot spotsbe
avoided.This probabilisticevaluationof therotor illustratesthat probabitisticresultscanbe
usedto provideguidelinesfor materialqualitycontrolanddesignconsiderations,bothof which
areessentialin productsafety,reliability,andcostreduction.

CombustorLiner

Theenginecombustorliner to bedescribedcouldbeapartfor asupersonicaircraftengine.As a
resultof thecombustionprocess,the liner is subjectedprimarily to thermalloadsandto some
pressure.Figure7 showsthefinite-elementmodelof the liner and thethermalloadingprofile
along the combustor.The detailsof this evaluationare describedin Reference8. For this
discussion,assumethat the liner is constructedof a cross-ply(wovenfabric) ceramicmatrix
compositeandthat it is designedfor theavoidanceof vibrationfrequenciesandbuckling.The
probabilistic resultsarepresentedandthe usageof theseresults for damagetoleranceand
reliability of thecombustorliner aredescribed.Guidelinesandrecommendationsfor material
selectionmaybeobtainedfromthesensitivityfactors.

Thecumulativedistributionfunctionof thefirst (lowest)vibrationfrequencyis shownin Figure
8(a).This frequencyhasameanof 320cycles/secandascatterrangefrom 290to 350Hz,about
60Hz. Thesensitivityfactorsfor two levelsof probabilityareshownin Figure8(b). Evident
fromfigure 8(b)is thatlinermaterialdensityandshearmodulushaveasignificanteffecton the
liner frequency;the liner thicknesshasthedominanteffectandis evenmoredominantat higher
probabilityvalues;andtheorderof thesensitivityfactorsis thesameatlow andhighprobability
values.

Thecumulativedistributionfunctionfor bucklingof the liner is shownin Figure9(a)andthe
respectivesensitivitiesareshownin Figure9(b).The mean value of the buckling pressure is six
times that of the operating pressure, or 60 psi. The attendant scatter range is from about 45 to 75

psi. The reliability of the liner for buckling is 100 percent with no risk since the applied mean

pressure is only 10 psi, or 6.5c_ away from probable overlap. The factors that exert the greatest

influence on the buckling load are the liner thickness (geometry variable), thermal expansion
coefficient (material variable), and thermal load (loading conditions of 2150 °F). The material
moduli (axial, hoop, and shear) have a negligible effect. Note that the order of the sensitivities

remains the same for low and high probability values, which means that the buckling load
probability is linear throughout the scatter range of each primitive variable. On the basis of these

results, the recommendation for material suppliers is that they control the thermal expansion
coefficient. For designers, it is recommended that they control the temperature, select the liner

thickness to assure that it will survive at least 4.5 times the operating pressure, and specify proof
test pressures of at least 7.5 times the operating pressure to assure that the liner will buckle in the

first test to verify the simulation results.

Space Shuttle Main Engine (SSME) High-Pressure Blades

The space shuttle main engine blades are in the liquid hydrogen pump, are relatively, small rotate
at about 40 rpm, and are subjected cyclically to very cold and very high temperatures
(thermomechanical fatigue). The blade airfoil with its respective operating loading conditions



andfinite-elementmodelare shownin Figure 10.The bladehasrelatively steepspanwise
thermalandpressuregradients.

The cyclic temperatureandload effectson thebladematerialsweresimulatedby theMFIM
describedpreviously(fig. 4). Thespecificvaluesfor thevariousfactorsusedarelistedin Table
II. Notethatfour factorsweresufficientfor thatsimulation:(1)thetemperaturedependencewith
anexponentof 1/2;(2) thestressdependencewith exponentn; (3) the pressure cyclic load with

exponent p; and (4) the thermal cyclic load with exponent q. The temperature effects exponent
was assumed to be a constant based on previous studies whereas exponents _7,p, and q were
assumed to have the scatter shown in Table II.

The damage propagation path caused by 100 000 fatigue cycles is shown in Figure 11 for two

probability levels (1/100 000 and 2/10 000). Obviously, the path with the highest probability will
most likely occur first. It is noted that several other paths are probable with probability levels
between the two shown in Figure 11. However, none was found with a higher probability than

(2/10 000). The durability, or damage tolerance, of the blade in its operating environment can be

simulated by using progressive structural fracture [Ref. 9]. This approach requires neither fine
finite-element meshes nor traditional fracture toughness parameters. The results for the strain

energy release rate versus the damage state are plotted in Figure 12. The two major points worth

noting in Figure 12 are that the damage is stable and progresses rather slowly up to damage state
3, and the damage progression increases very rapidly from damage state 3 to damage state 4. The
plot in this figure displays several important aspects of structural durability and/or damage
tolerance:

• The blade is damage tolerant up to damage state 3.

• With continuing operation, the blade will fracture (disintegrate) just past damage state 4.
• The safe design of the blade with 100-percent reliability is up to damage state 2.

• The blade should be inspected for damage states 1 and 2.
• At damage state 2, the blade must be replaced (retired for cause) to ensure safe operation of

the SSME.

• Rather than inspect the blade, a costly and time-consuming task, in-service health should be
monitored based on changes in select blade responses (e.g., vibration frequencies and

vibration mode shapes) to indicate the damage state.

An important observation from the previous discussion is that an abundance of information
generated by probabilistic computational simulation can be judiciously used from conceptual

design to retirement for cause (from cradle to grave). Also, plots comparable to Figure 12 can be
made for other responses (e.g., blade material degradation due to oxidation or other causes)

provided that appropriate factors are used in the MFIM.

The information from Figure 12 can be combined with costs for fabrication and failure
(penalties). The results are shown in Figure 13 as log-log plots for probability of damage
initiation versus number of cycles and for total cost versus fatigue cycles. Note that the cost

increases very rapidly with fatigue cycles higher than 10 000. Interestingly, the information in
Figure 13 is really the cascading type because it can also be used to generate information for

benefits accrued by improving material strength or controlling the quality of processing. Costs to
improve structural reliability by decreasing scatter are more beneficial than costs to increase

strength for comparable probabilities in general (unpublished in-house results by the author and
his collaborators).



FAULT TREE SIMULATION FORSYSTEMRELIABILITY

Systemsusuallyfail by combinationsof multiplefailuremodes.Multiple failuremodereliability
is evaluatedby a formal combinationof the probability of failure of each failure mode.
Traditionally, the formal methodfor combiningthoseprobabilities hasbeenthe fault tree
simulation.Figure14schematicallydepictsafault treesimulationfor theSSMEhigh-pressure
blade.The evaluationincludesfour failure modes,the probability of failure for eachbeing
determinedby probabilistic structuralanalysis.The modesare then combinedby classical
probability methods.The details of this processare describedin Reference10.Herein,we
presentsometypicalresultsanddiscusstheirsignificanceto materialbehaviorandits influence
onstructuralsystemreliability.Theparameters(primitivevariables)with their respectivescatter
standarddeviationandassumeddistributionsincludedin thesimulationarelisted in TableIII.
Resultsobtainedfor theprobabilityof systemfailureareshownin Figure15.Theprobabilityfor
systemfailurefrom eachindividual failuremodeis shownin Figure 15(a)with the simulated
correlationcoefficientsfor thethreefailuremodes.FromFigure15(a),thesystemis predictedto
fail by creep(stressrupture)becausethatfailure modehasthe highestprobability of failure.
Also, thestressinfluencesthevibrationfailuremodeandthe creepfailuremodesignificantly,
eventhoughthesystemfailureprobabilityfrom stressonly is relativelysmallascomparedwith
theothertwo. Thesensitivityfactorsfor systemfailureprobabilityareshownin Figure 15(b).
The dominantfactor is the direction solidificationangle0y measured from the blade radial

(spanwise) axis. The modulus and the Poisson's ratio have about the same influence, but the rest
have relatively negligible influence. Recommendations for materials suppliers and designers are

comparable to those mentioned previously. Recommendations for the blade manufacturers and

the rotor assembler are that they assure that the blade solidification direction line up with the
blade spanwise axis. Important from the previous discussion is that system reIiability can be

formally evaluated for multiple failure modes. The critical failure modes are identifiable and
their respective dominant sensitivities are quantifiable.

Three approaches were described for evaluating system reliabilities. The first is summarized in

Figure 6, the second in Figures 11 and 12, and the third in Figures 13 and 14, all with their
attendant discussions. The first and second methods are evaluated directly from the probabilistic
structural and stress analysis, whereas the third requires fault tree evaluation in addition to

probabilistic structural and stress analyses. The computer code described in Reference 3 was
used for all three approaches.

CONCLUDING REMARKS

A formal method to quantify structural damage tolerance and reliability in the presence of a

multitude of uncertainties in turbine engine components is described. The results of using
probabilistic methods to predict structural damage tolerance and reliability from materials to

service environments lead to the following remarks:

I. Probabilistic methods via computational simulation can be adapted throughout the structural
design practice. They provide quantifiable information that can be used to reduce the costs of

product development, certification, and risk.

. These methods constitute a virtual statistical desktop laboratory applicable at all stages and
for all aspects of the following: design, material selection and qualification, development,

certification, and service life cycles.



3. Probabilisticmethodsrely oncomputationalsimulationresultsandareprimarily usefulfor
decisionmaking,especiallyin thepreliminarydesignstages.

. Probabilistic methods provide a significant infrastructure that can be used to make
predictions for future strategic projections and planning to assure better, cheaper, faster
products that will give competitive advantages. These methods also have acceptable

reliability, quantifiable risk, and capability to evaluate the remaining life of existing products.
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TABLE I.--ROTOR SYSTEM

RELIABILITY SENSITIVITY

FACTORS AT 1/t000

PROBABILITY

[SPEED

lROTOR DENS

TEMPE

C

RINGY

RKIC

Kt

AO

E_ROT

BURST

A_LCF

E_RIN

NI

RING DENS

TOLER

0.850827

.438499

.170793

.133702

.073086

061872

.060917

.057976

.016011

.011983

.005132

.002698

.000386

.000008

0

TABLE II.--MULTIFACTOR INTERACTION MODEL VALUES USED IN

PROBABILISTIC SIMULATION OF MATERIAL BEHAVIOR OF HIGH-

PRESSURE BLADE OF SPACE SHUTTLE MAIN ENGINE

Variable Distribution ?',/lean

Ternperature, °F

Final,7).

Initial, To,

Final strength, S:, ksi

Initial stress, %

Number of mechanical cycles

Final, NMr

Initial, A%

Number of primitive vari-

ables with scatter ranges, n

Exponent for pressure cyclic

load, p

Exponent for thermal cyclic

load, q

type

Normal

Normal

Normal

Constant

Lognormal

Lognormal

Normal

NormaJ

Normal

Standard deviation

Value Percent

of

mean

2750 51.4 2.0

68 2.04 3.0

212.0 10.6 50

0 0 0

10 _ 5×10 '_ 5.0

10_ 50 5.0

0.25 3.0

.25 30

.25 3.0

TABLE III.--PRIMITIVE VARIABLES USED IN FAULT TREE SIMULATION

FOR SYSTEM RELIABILITY

Material orientation

0:

0_

01,
Modulus

Elastic, Eo"

Shear, Go"

Poisson's ratio, vc_a

Creep equation coefficient, B°

Density. p

'Defined at room temperature.

Mean" Standard Distribution

deviation

0.05236

-.03491

='.08727

18.36x10 e

18.63x10 _

.386

86.0

.805x10 -3

0.(167544

.067544

.067544

.44595x106

.4657x10 _

.00965

.086

.493x105

Bottom

event

Normal All

Normal All

Normal All

Normal All

Normal All

Normal All

Normal Creep

Normal Frequency

11



(a)

S Tip_._..displacement__._ -] -wZt

Cantilever beam

__>.0.35

2_
0.00 k/ i _,

10 26 46
Modulus, E, psi

Weibull (millions)

_=_0.35

2_
0.00 I/ , --.

18 20 22
Length, i, in.
Log normal

(b)

;.35

0.00 I/ J "_
0.80 1.00 1.20

Width, b, in.
Normal

>q

£o.
(!.

0.35

£

0.00
1.00 1.25 1.50

Thickness, t, in. (c)
Normal

0.35 1.00

0.50
0.00 0.00

25.0 102.5 180.0
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